The isolation of Helicobacter pylori from the human stomach in 1983 (9) and description of the associated pathological changes generated considerable interest in the spiral organisms inhabiting the stomach and other parts of the gastrointestinal tract of humans and other animals. The outcome of all those studies was the emergence of a new but very widely studied genus named Helicobacter (4) .
Since the naming of the genus Helicobacter, with H. pylori as the type species, there has been a rapid expansion of the genus; so far 13 species have been named (3, 8, 16) . As there is no suitable and cost-effective animal model for H. pylori infection, the animal models of other helicobacter infections such as those of H. felis and H. mustelae have made significant contributions to the pathogenesis of H. pylori-related pathological states. That is why the helicobacters isolated from non-human sources also have significant importance. For the biochemical characterization of H. pylori, we studied its lipid profile and observed the presence of three types of steryl glycosides (SGs): cholesteryl-6-O-tetradecanoyl-␣-Dglucopyranoside, cholesteryl-␣-D-glucopyranoside, and cholesteryl-6-O-phosphatidyl-␣-D-glucopyranoside (6) . In the present study the lipids of H. felis, H. muridarum, H. mustelae, H. fennelliae, and H. cinaedi were analyzed to investigate the distribution of different types of lipids. The fatty acid composition of the total lipids of H. felis and H. muridarum is also described for the first time.
Bacterial strains and culture conditions. A total of six species of Helicobacter were studied: H. pylori (ATCC 43504), H. felis (ATCC 49179) isolated from a cat, H. muridarum (ATCC 49282 and ST2) isolated from rats, H. mustelae (HM 180 and HM 4298) isolated from ferrets, H. fennelliae (NCTC 11613) isolated from a man, and H. cinaedi (1193) isolated from a hamster. All strains other than H. pylori were obtained through the courtesy of Adrian Lee, School of Microbiology and Immunology, University of New South Wales, New South Wales, Australia.
All the strains were grown on brain heart infusion agar supplemented with 5% horse blood at 37ЊC under microaerophilic conditions produced with Anaeropack Campylo (Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan). For H. muridarum, H. fennelliae, and H. cinaedi, a GasPak Anaerobic System Envelope (BBL, Cockeysville, Md.) was used without a catalyst. For mass culture, the strains were grown in brain heart infusion broth (Difco, Detroit, Mich.) (200 ml in a 500-ml flask) supplemented with 5% horse serum, incubated as described above, and shaken at 100 rpm.
Lipid analysis. Lipids were extracted and purified as described previously (6) . The presence of different types of lipids was observed by one-dimensional thin-layer chromatography (TLC) on Silica Gel 60 G (Merck AG, Darmstadt, Germany) plates (0.35 mm thick) and developed with chloroform-methanol-water (70:30:5 [vol/vol/vol]) for the total lipids and with petroleum ether-diethyl ether-acetic acid (41:18:2 [vol/vol/vol]) for the neutral lipids. Individual lipids were identified according to the method of Kates (7) . The total lipids were fractionated into neutral lipid, glycolipid, and phospholipid fractions by column chromatography on Iatrobeads 6RS-8060 (Iatron Lab, Inc., Tokyo, Japan) as described previously (6) . The glycolipids were further purified by preparative one-dimensional TLC.
The analyses of sugar and fatty acids were carried out by acid methanolysis as described previously (6) . Briefly, acid methanolysis was carried out with 5% hydrogen chloride-methanol (Wako Pure Chemical Industries Ltd., Osaka, Japan) and heating at 95ЊC for 1 h with well-sealed caps. After cooling, the fatty acid methyl esters and the sterols were removed by hexane extraction, and the sugar in the lower methanol phase was trimethylsilylated. The trimethylsilyl methyl glycosides and the fatty acid methyl esters were analyzed on a gas chromatograph (model G-3000; Hitachi Ltd., Tokyo, Japan) equipped with a flame ionization detector and a Hitachi model 883 data processor with a silicone OV-1 101 column (0.53 mm [inside diameter] by 25 m) with temperature programming (180 to 230ЊC). The peaks were identified by comparing their retention times and patterns (in the case of sugar) with those of the standards. The fatty acids were confirmed by mass spectroscopy. For the sterols, the hexane extracts were compared with the standard cholesterol by one-dimensional TLC.
Combined gas chromatography-mass spectrometry analyses of the fatty acid methyl esters were carried out on a model GCMS9020-DF gas chromatograph-mass spectrometer (Shimadzu Corp, Kyoto, Japan) equipped with a silicone OV-1 glass column (3 mm [inside diameter] by 3 m; 180 to 230ЊC). The electron mass spectra were recorded at an electron energy of 70 eV. Fast atom bombardment-mass spectrometry of the glycolipids was performed with a model GCMS9020-DF gas chromatograph-mass spectrometer equipped with a rhenium filament, operated at an acceleration potential of 5 keV (fragments accelerated at 3 keV), and a data processing system (SCAP-1123; Shimadzu Corp.); m-nitrobenzyl alcohol or glycerol was used as the matrix. 1 H nuclear magnetic resonance was recorded on a Varian (Palo Alto, Calif.) model VXR500 spectroscope (500 MHz for 1 H) at ambient temperature. Chemical shifts were recorded with respect to the internal tetramethylsilane.
Cholesterol and cholesterol esters in the neutral lipids were estimated by the enzymatic method of Allain et al. (1), using a Serotec (Sapporo, Japan) kit. All the experiments were performed twice, and the percentages were calculated from the averages of the two sets of results.
Among the five investigated species of Helicobacter, SGs were detected in all of them except H. cinaedi. They were found to have R f values similar to those of the cholesteryl acyl glucoside, cholesteryl glucoside (CG), and cholesteryl phosphatidyl glucoside of H. pylori (6) and were named G-1, G-2, and G-3, respectively. It is therefore apparent that H. felis and H. muridarum possess G-1 and G-2, that H. mustelae has G-2 only, and that H. fennelliae has G-2, G-3, and a small amount of G-1. The sugar component was found to be glucose in all of them, and the sterol component was found to be cholesterol. The SGs were, therefore, concluded to be CGs.
The fatty acids of the CGs and their respective chloroformmethanol-extracted total lipids are presented in Table 1 Thus, there is a selective incorporation of fatty acids in the acylated CGs. In the case of H. felis, the incorporation of 14:0 appears to be a reasonable choice, as it is the most prevalent fatty acid. However, in H. muridarum, although the total lipid contains 12:0 in a relatively small proportion, there is a selective accumulation of 12:0 in G-1. Therefore, H. muridarum probably has a selective enzyme for the acylation of CG with 12:0.
The molecular masses of G-1 and G-2 from different species were estimated by fast atom bombardment-mass spectroscopy. The quasimolecular mass [M ϩ Na] ϩ of G-2 from all the species was found to be m/z 571, which is identical to that of G-2 from H. pylori (6) . Similarly, the quasimolecular mass [M ϩ Na] ϩ of G-1 from H. felis (m/z 782) was found to be identical to that of H. pylori G-1. However, the [M ϩ Na] ϩ of G-1 from H. muridarum was found to be m/z 754. The presence of a 12:0 fatty acid in G-1 of H. muridarum, instead of 14:0, led to the difference in molecular masses. By weak alkaline hydrolysis, the deacylated G-3 of H. fennelliae yielded a molecular ion mass identical to that of the deacylated G-3 of H. pylori, indicating an identity in their characters. The 1 H nuclear magnetic resonance spectra of G-1, G-2, and deacylated G-3 of the identified lipids were studied and compared with those of H. pylori (6) . The G-1, G-2, and deacylated G-3 of the newer lipids were found to be identical to those of H. pylori. In G-1, the acyl component was bound to the 6-carbon of glucose, and in all of the CGs, the glucose-cholesterol linkage was an ␣(1-3) linkage.
From these observations, it is apparent that the G-1, G-2, and G-3 of the studied strains are cholesteryl 
H. mustelae Because of the characteristic presence of CGs in the helicobacters, the major lipid compositions of the strains were determined. The percentage distribution of the three groups of lipids, namely, neutral lipids, CGs, and phospholipids, is presented in Table 2 . There is a high accumulation of neutral lipid in H. mustelae. CG is present in all species having the SGs, and there is a high accumulation of CGs in all of them. As CGs were found neither in the serum nor in the media, they must have been produced by the bacteria. The presence of CGs, varying from 14.8 to 33.1%, in five of the six Helicobacter species studied makes it a remarkable characteristic for most of the species. Cholesteryl phosphatidyl glucoside, observed in H. fennelliae, has been reported for the first time by us in H. pylori (6) , and this is the second report. No cholesteryl phosphatidyl glucoside, however, has been reported in eukaryotes. Among the prokaryotes, SGs have been reported only in mycoplasmas, spiroplasmas, acholeplasmas, and spirochetes (15); however, the presence of such a high percentage of SG has not been reported before in any organism.
In addition to the presence of SGs being a remarkable characteristic for many of the Helicobacter species, the distribution of SGs within the species may be related to the evolutionary distances within the genus. However, the distribution of SGs does not appear to be related with the homology of the 16S rRNA sequence. For example, H. felis and H. muridarum have 92.6% sequence homology, and both produce cholesteryl acyl glucoside and CG, whereas H. mustelae has 95.8% homology with H. felis but H. mustelae produces only CG.
The physiological role of SGs is far from clear. In plants, where they are found in almost all the species, no specific role has been clearly established, although several hypotheses have been put forward; their roles as a reservoir for sterols (5) and in the transport of glucose into the cell (14) have been proposed. The presence of glucose in the form of SGs in some of the Helicobacter spp. raises the obvious question regarding the availability of the metabolic machinery needed to utilize such a common sugar by the helicobacters. In fact, it was reported that, like other campylobacters, H. pylori cannot catalyze common sugars (10) . However, H. pylori has been shown to have glucokinases (12) and enzymes of the pentose phosphate pathway (11) , and it uses these to utilize glucose (13) as a carbon source for the biosynthesis of macromolecules. We have observed hemolytic activities with the CGs from H. pylori (6) . It is therefore presumed that these CGs may have some effect on metabolism and on the gastric mucosa and thus assist in the colonization and adaptation to that environment.
In the neutral lipid fraction, Helicobacter spp. show a higher accumulation (31.7 to 69.4%) of total cholesterol (free cholesterol plus cholesterol ester) than the gram-negative Escherichia coli and Campylobacter jejuni ( Table 3 ). The amount of free cholesterol is larger than the amount of cholesterol ester in Helicobacter spp. and C. jejuni compared with the amounts in E. coli and Staphylococcus aureus strains grown in the same serum-supplemented medium. The percentage of free cholesterol in the helicobacters varies from 47.6% in H. mustelae to 85.2% in H. cinaedi; C. jejuni has 60.0% free cholesterol, but the total cholesterol is only 0.5%; and E. coli has only 17.7% free cholesterol. Compared with the high percentages of free cholesterol in the helicobacters, the horse serum used for the culture has only 25.5%. Thus, either there is a selective accumulation of free cholesterol or the accumulated cholesterol esters are hydrolyzed to cholesterol and free fatty acids giving a high percentage of free cholesterol in the bacteria. This accumulation of free cholesterol may have implications for the biosynthesis of the CGs or for the physicochemical properties of the membrane. Such a selective accumulation of free cholesterol in the bacterial lipids is also observed in some of the parasitic mycoplasmas (2) .
In the investigated species, the cholesterol lipids are the most abundant lipids after the phospholipids: CGs, cholesterol esters, and free cholesterol taken together constitute about 25 to 35% (CG in Table 1 plus total cholesterol in Table 2 ) of the total lipids in strains possessing CGs. The CG-deficient H. cinaedi has 6.6% total cholesterol, which is, however, significantly more than the percentages in the gram-negative bacteria E. coli and C. jejuni, with only 0.5 and 1.7% total cholesterol, respectively.
The presence of CGs in the investigated species, thus, may be an important chemotaxonomic marker for many of the helicobacters and may have some role in the adaptation of the bacteria to the unique gastric microenvironment. 
